Introduction {#s0001}
============

Microtubules (MTs), intermediate filaments (IFs), and microfilaments (MFs) are major components of the cytoskeleton that are essential to maintain the integrity of eukaryotic cells.[@cit0001] Proper cross-linking structures among these cytoskeletal proteins are crucial for intracellular architectures and normal cellular morphology. Plectin is a versatile adherent macromolecule expressed in a wide range of mammalian cells with a molecular weight of 500 kDa.[@cit0002] Plectin exhibits the binding sites accessible to IFs, MTs and MFs rendering the interaction with a variety of cytoskeletal components to maintain the integrity of cytoskeletal network.[@cit0003] Plectin also participates in regulating mitogen-activated protein (MAP) kinase cascades and the PKC signaling pathway leading to Erk1/2 activation and cell migration.[@cit0004] Some human diseases such as epidermolysis bullosa simplex with muscular dystrophy are autosomal recessive disorders caused by the mutations of human plectin gene mapped onto chromosome 8q24.13-qter.[@cit0005]

Hepatocellular carcinoma (HCC) is a cancer with high incidence and mortality. HCC cells exhibit different morphological features in divergent shapes and pleomorphic nuclei from normal liver cells. Human liver consists of up to 80% parenchymal cells count of human hepatocytes. Two types of cytokeratins (CKs), CK8 (type II) and CK18 (type I) with molecular weight of 52 kDa and 45 kDa respectively, compose of IFs in human hepatic parenchyma cells.[@cit0006] Plectin deficiency was characterized in HCC tissues suggesting its involvement in pleomorphism of HCC cells.[@cit0007] Pleomorphism mediated by plectin deficiency is associated with an altered level of CK18 expression in human HCC.[@cit0007] In addition, plectin deficiency in human liver cells was found in altered cytoskeletal organization in association with changed cell morphology and subsequent tumor transformation.[@cit0009] Plectin therefore likely regulates cytoskeletal integrity. Changed level of plectin may be associated with diseases such as neoplasm.

Cancer is not only a disease of uncontrolled cell growth, but also a disease of uncontrolled cell migration. Metastasis is a major factor leading to mortality of HCC.[@cit0010] Many studies have demonstrated two main patterns of cancer cell invasion: collective cell migration and individual cell migration.[@cit0011] In human cancer pathology studies, cancer cells of epithelial tumors primarily invade collectively.[@cit0012] Coherent cells are connected by intercellular adhesion molecules such as cadherins and other members of the immunoglobulin adhesion receptor family.[@cit0013] In tumor progression, cell collectives can be detected at any stage of metastasis. Therefore, collective cell migration may play critical roles in cancer metastasis. In fact, cellular migration requires coordination of cytoskeleton, anchoring proteins and cytolinker proteins.[@cit0014] It has been demonstrated that transient knockdown-mediated deficiency in plectin alters hepatocellular motility in association with activated focal adhesion kinase (FAK) and Rac1-GTPase activity.[@cit0015] In this study, the relationship of plectin deficiency with collective cell migration and individual cell migration in human liver and hepatoma cell lines will be analyzed. Moreover, the involvement of E-cadherin expression in collective cell migration will also be studied.

HCC is often diagnosed at an advanced stage and unable to treat with radical operations.[@cit0016] Systemic therapy targeting cancer cells is an alternative option for the management of HCC. Sorafenib is a multi-targeting tyrosine kinase inhibitor that blocks the activity of Raf serine/threonine kinase isoforms in consequence to inhibit tumor angiogenesis and tumor cell proliferation.[@cit0017] Large multi-center trials including Phase III Sorafenib HCC Assessment Randomized Protocol (SHARP) trial[@cit0019] and phase III Sorafenib Asia-Pacific trial performed in China, South Korea, and Taiwan[@cit0020] have demonstrated positive impact of sorafenib on improved survival and delayed tumor progression. The pivotal trials provided evidences for efficacy and safety of sorafenib for the patients with advanced HCC.[@cit0021] However, some advanced HCC patients are not well responsive to sorafenib treatment. Since plectin deficiency activates FAK (a kind of tyrosine kinase) activity that is a candidate target of sorafenib,[@cit0015] we therefore hypothesized that plectin deficiency may enhance the sensitivity to the treatment of sorafenib. In the present study, we investigated the impact of plectin deficiency on the growth inhibitory effect of hepatoma cell lines mediated by sorafenib treatment.

Results {#s0002}
=======

Expression of plectin among liver and hepatoma cells {#s0002-0001}
----------------------------------------------------

The results of immunofluorescent staining revealed that plectin was mainly identified in the mesh structure around perinuclear region extending to membrane or forming granular pattern in Chang liver cell. Whereas in PLC/PRF/5 and HepG2 hepatoma cells, weak signals of plectin were detected in a disorganized manner ([Fig. 1A](#f0001){ref-type="fig"}). Western blotting analysis demonstrated different levels of plectin expression among Chang liver cells, PLC/PRF/5 cells and HepG2 cells. Chang liver cells exhibited highest amount of plectin and the lowest level was found in HepG2 tumor cells ([Fig. 1B](#f0001){ref-type="fig"}). Furthermore, the expression of plectin in PLC/PRF/5 and HepG2 cells was quantitated 70% and 80% less than that of Chang liver cells respectively (p \< 0.05) ([Fig. 1C](#f0001){ref-type="fig"}). Figure 1.Plectin expression in liver and hepatoma cell lines. (A) Localization of plectin identified by immunofluorescent staining. Red: nucleus. Green: plectin. (B) Western blotting analysis of plectin protein expression in Chang liver cells, PLC/PRF/5, and HepG2 cell lines. (C) Quantification on the level of plectin expression.

Relationship between the level of plectin expression and cell migration {#s0002-0002}
-----------------------------------------------------------------------

The results of transwell migration assay revealed that the highest rate of cell migration was found in HepG2 hepatoma cells and the lowest rate was identified in Chang liver cells ([Fig. 2A](#f0002){ref-type="fig"}). A trend showed that lower amount of plectin is associated with higher individual cell migration despite no significant difference in statistics (p \> 0.05) ([Fig. 2B](#f0002){ref-type="fig"}). Intriguingly, HepG2 and PLC/PRF/5 cells showed more aggregative migration that is similar to collective cell migration in comparison with Chang liver cells. Figure 2.Individual cell migration in liver and hepatoma cell lines. (A) Chang liver cells, PLC/PRF/5, and HepG2 cell lines were subjected to transwell migration assay described in Materials and methods. Cell migration was visualized with DAPI staining. (B) Quantification on the rate of cell migration. HepG2 cells showed higher individual cell migration without significant difference (p \> 0.05).

Increased expression of E-cadherin in the collective cell migration of hepatoma cells {#s0002-0003}
-------------------------------------------------------------------------------------

Involvement of E-cadherin expression has been reported in collective cell migration. In this study, it was found that the level of E-cadherin was very low in Chang liver cells and it was higher in HepG2 and PLC/PRF/5 cells demonstrated in Western blotting analysis ([Fig. 3A](#f0003){ref-type="fig"}). The quantitative analysis revealed that the highest level of E-cadherin was found in HepG2 cells in comparison PLC/PRF/5 and Chang cells (p \< 0.05) ([Fig. 3B](#f0003){ref-type="fig"}). Immunofluorescent staining identifies cell nuclei and E-cadherin in migrated cells. Cell areas with more than 3 cells connected with E-cadherin were counted as collective cell migration ([Fig. 3C](#f0003){ref-type="fig"}). The difference in quantification of collective cell migration was significant in statistics among 3 tested cell lines (p \< 0.05) ([Fig. 3D](#f0003){ref-type="fig"}). The results revealed that the rate of collective cell migration was correlated with the expression of E-cadherin in Chang liver cells, PLC/PRF/5 cells and HepG2 cells. Figure 3.Collective cell migration associated with E-cadherin expression and plectin deficiency. (A) Western blotting assay of E-cadherin expression in Chang liver cells, PLC/PRF/5, and HepG2 cell lines. (B) Quantification data of E-cadherin expression obtained from Western blotting analysis. HepG2 cells showed highest level of E-cadherin expression compared with Chang and PLC/PRF/5 cells (p \< 0.05). (C) Immunofluorescent staining for detecting the distribution of E-cadherin in collective migrated cells. Blue: nucleus. Red: E-cadherin. (D) Quantification of collective cell migration in transwell assay. Cell area appearing more than 3 cells connected with E-cadherin was calculated as collective cell migration. The result of quantification showed significant differences (p \< 0.05). (E) Western blotting assay of plectin and E-cadherin expression in mock (Mock) and plectin knockdown-Chang liver cells (Plectin KD), respectively. (F) Quantification data of E-cadherin expression obtained from Western blotting analysis. Plectin knockdown-cells showed higher level of E-cadherin expression compared with mock cells (p \< 0.05).

Plectin-knockdown affected the E-cadherin expression and promoted the cell migration in the continuing parallel experiments confirmed the above results. In [Fig. 3E](#f0003){ref-type="fig"}, the results of Western blotting assay showed an increase of E-cadherin expression in the lysate of siRNA-transfected Chang liver cells, suggesting that the depletion of plectin might be associated with the E-cadherin expression. The difference in quantification of E-cadherin expression was significant in statistics (p \< 0.05) ([Fig. 3F](#f0003){ref-type="fig"}). The cell migration rate of Chang liver cells promoted by plectin-knockdown has been identified in our previous report. In that study, we found that plectin-deficient Chang liver cells exhibit higher cell motility associated with increase in focal adhesion kinase activity that are comparable to the properties of invasive HCC.[@cit0015]

Plectin deficiency sensitizes the hepatoma cells and plectin-knockdown liver cells to sorafenib treatment {#s0002-0004}
---------------------------------------------------------------------------------------------------------

The growth inhibitory effects of sorafenib on human liver cell line (Chang cell) and on human hepatoma cell lines (PLC/PRF/5 and HepG2) were shown in [Fig. 4A](#f0004){ref-type="fig"}. Dose-dependent manners with a maximum 90% reduction of cell growth among 3 cell lines were demonstrated for 72-hour sorafenib treatment in the concentration range of 0 -- 10 μM. The growth inhibitory effect mediated by sorafenib treatment was the highest one in HepG2 cell whereas the lowest one was found in Chang liver cell. In [Fig. 4C](#f0004){ref-type="fig"}, the growth inhibitory effect of sorafenib treatment was higher in the plectin knockdown-Chang liver cells in comparison with mock cells (p \< 0.05). The level of cellular plectin inversely correlates with the sensitivity to sorafenib treatment. Figure 4.Sorafenib treatment in liver cells, hepatoma cells, and plectin knockdown-liver cells. (A) Sorafenib (from 0 to 10 μM) was applied in Chang liver cells, PLC/PRF/5 and HepG2 cell lines. Cell viabilities were determined in 72 hours. The data showed that HepG2 cells were more sensitive to sorafenib treatment than Chang liver cells and PLC/PRF/5 cell lines were. (B) Reduction in mRNA expression of Chang liver cells was associated with transient knockdown of plectin. (C) Sorafenib (10 μM) was applied in mock and plectin knockdown-Chang liver cell respectively. Plectin knockdown-cells revealed significantly higher sensitivity to sorafenib treatment (p \< 0.05).

Discussion {#s0003}
==========

Plectin is one of the cytolinker proteins that play a crucial role in maintaining the integrity of cellular architecture. Previous studies demonstated that plectin was deficiency in human HCC tissues.[@cit0007] Plectin knockdown in human HCC leads to changed expression and organization of CK18. In consequence, partial augmentation of cytoskeleton is associated with pleomorphic changes.[@cit0007] In this study, we provided evidences that plectin is deficient in hepatoma cell lines in association with divergent and pleomorphic morphology, while the hepatic cells appear uniform and in polygonal shape. The results are consistent with the former reports.

HCC is one of the most common cancers with high mortality while metastasis is a hallmark of cancer and the major cause of cancer-related mortality. Identification of the risk factors associated with cancer metastasis is an important issue for improving clinical management. Plectin plays several pivotal roles to maintain cellular architecture by connecting cytoskeleton and/or by modulating activity of kinases.[@cit0003] Previous study found that plectin knockdown in human hepatic cells exhibits higher cell motility in association with increased FAK activity that was comparable to the properties of invasive HCC.[@cit0015] In this study, we demonstrated that plectin expression in hepatoma cells (PLC/PRF/5 and HepG2) was lower than that in hepatic cells (Chang liver cells). Meanwhile, plectin deficiency in hepatoma cells correlates with the ability of cell migration. We therefore hypothesize that plectin deficiency might be a risk factor associated with metastasis of HCC. The relationship between the level of plectin and clinical outcomes of HCC patients interest us to investigate in future.

Although plectin-deficient hepatoma cells behave higher ability of individual cell migration than hepatic cells do, there is no significant difference in quantitative results. In contrast, collective cell migration was significantly increased in hepatoma cells compared with hepatic cells. For adjacent epithelial cells, E-cadherin molecules render strong mechanical attachment between adherent junctions. E-cadherin plays an essential role in orientating collective migration of large epithelial sheets.[@cit0022] It also mediates mechanical feedback for sensing the direction during collective cell migration.[@cit0023] In our study, hepatoma cells exhibited higher E-cadherin expression compared with hepatic cells. Likewise, higher rate of collective cell migration was found in hepatoma cells rather than hepatic cells. Based on these findings, we suggest that the higher degree of collective cell migration in hepatoma cells is associated with the increased expression of E-cadherin and decrease in plectin. Cell morphology may be regulated by the expression of plectin and in consequence to determine either individual or collective migration.

In tumor mass, cell\'s collective and individual migration is concurrent. Switch individual to collective migration was suggested a critical factor determining the invasive and metastatic potential of cancers.[@cit0011] Collective cell migration has been characterized as a crucial characteristic in metastasis of many cancers including oral squamous cell carcinoma, colorectal carcinoma, breast cancer, endometrial carcinoma, melanoma, and pancreatic cancer.[@cit0024] However, collective cell migration in HCC was rarely reported up to now. During collective cell migration, rearrangement of actin is crucial for filopodia formation and the maintenance of VASP/Mena-dependent cell--cell adhesion[@cit0025] while pseudopodia and filopodia are controlled by Rac and Cdc42, respectively.[@cit0026] A previous study demonstrated that Rac1-GTPase activity was activated and actin rearrangement was found in the plectin knockdown hepatic cells.[@cit0015] Recently we found that Rab11 (a small GTPase of the Rab family) collaborates E-cadherin to promote collective cell migration in colorectal carcinoma.[@cit0027] Therefore we hypothesize that plectin deficiency promotes collective cell migration of hepatoma cells involving the mechanisms such as increase in E-cadherin expression, activation of Rac1-GTPase activity and actin rearrangement.

Clinical studies demonstrated that sorafenib exhibits benefits on the time to progression and overall survival for the patients with HCC but its efficacy is moderate.[@cit0019] Biomarkers indicating individual sensitivity to sorafenib may help to predict prognosis for HCC patients. Up to now, however, biologic parameters specific for measuring the outcomes of HCC treatment have not yet been well developed.[@cit0028] Godin and colleagues investigated the correlation between the clinical efficacy of sorafenib and the induction of apoptotic regulatory factors M30 and M65 but significant association was not found.[@cit0029] A recent study reported that the expression of histone methylation-related genes is likely to be used as biomarkers indicating the sensitivity to sorafenib treatment of HCC patients. Meanwhile they are candidate therapeutic targets for the development of adjuvant therapy in association with sorafenib.[@cit0030] In this study, we found that HepG2 cells expressing high level of E-cadherin and small amount of plectin are more sensitive to sorafenib treatment. In addition, plectin knockdown in hepatic cells were also more sensitive to sorafenib treatment than mock hepatic cells. In accordance, we hypothesize that individual levels of plectin and E-cadherin in patients with HCC may be correlated with their sensitivity to sorafenib exposure. The future study will be planned to develop cell lines expressing different levels of plectin by molecular manipulation and to examine their sensitivity to sorafenib treatment.

In conclusion, higher cell motility and collecting migration are associated with deficiency in plectin and increased expression of E-cadherin in hepatoma cells. Plectin may be involved in the regulation of cell motility that is related to the invasiveness of hepatocellular carcinoma. We also suggest that hepatoma cells with plectin deficiency and high level of E-cadherin are more sensitive to sorafenib treatment.

Materials and methods {#s0004}
=====================

Materials {#s0004-0001}
---------

Goat anti-plectin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse anti-E-cadherin monoclonal antibodies were purchased from BD Transduction Laboratories™ (USA). Secondary antibodies including Rhodamine-conjugated anti-mouse IgG and Fluorescein-conjugated anti-goat IgG used for immunofluorescence microscopy, horseradish peroxidase-conjugated goat and mouse antibodies used for Western blotting analysis were purchased from Jackson Immuno Research Laboratories (West Grove, PA, USA). Sorafenib (Nexavar) was purchased from Bayer Pharmaceuticals (USA).

Cell cultures {#s0004-0002}
-------------

Chang liver cells, PLC/PRF/5 hepatoma cells, and HepG2 hepatoma cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). Dulbecco\'s minimum essential medium (Gibco, USA) supplemented with 10% fetal bovine serum, 50 unit/ml penicillin, non-essential amino acids and HEPES was used for culture at 37°C in presence of 5% CO~2~. Medium was replaced and confluent growth was split regularly.

Immunofluorescent assay {#s0004-0003}
-----------------------

A number of 5 × 10^4^ cells per well were grown in a 24-well plate for 48 hours. Cells were washed with ice-cooled phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 8 mM Na~2~HPO~4~ and 1.5 mM KH~2~PO~4~, pH7.4) and fixed with 3.7% paraformaldehyde (in PBS) at room temperature for 20 minutes. The fixed cells were washed with PBS for 3 times and then treated with 0.1% Triton X-100 for 2 minutes. After 3 times washing with PBS, mouse anti-E-cadherin (1:100 in PBS) and goat anti-plectin (1:100 in PBS) antibodies were simultaneously added to the pre-treated cells for 1 hour. For fluorescent imaging, cells were incubated with secondary antibodies (Cy2-conjugated anti-mouse IgG and Cy3-conjugated anti-goat IgG) and Cy5- conjugated Phalloidin dye (1:100 in PBS) for 1 hour. After 3-time washing with PBS, fluorescent images were viewed under the Zeiss LSM 510 (German) confocal microscope.

Western blotting analysis {#s0004-0004}
-------------------------

Total cellular lysate of each sample was separately loaded for running a 10% sodium dodecyl sulfate polyacrylamide gel. Followed by the completion of electrophoresis, the gel was blotted onto a polyvinylidene difluoride (PVDF) membrane by using semi-dry transferring method (Bio-Rad, USA). The blotted PVDF membrane was blocked with 5% non-fat milk in PBS with Tween-20 (PBST) buffer for 1 hour and then washed 3 times for 5 minutes with PBST before adding the diluted primary antibody (1:1000 in PBST). The hybridization continued for one hour and the hybridized membrane was washed 5 minutes with PBST for 3 times before adding the diluted secondary antibody (1:5000 in PBST). At last, the chemiluminescent reagent was added to the washed membrane and the image was developed by the Chemiluminescence Imaging System (Fuji, Japan) as manual\'s instruction.

Transwell migration assay {#s0004-0005}
-------------------------

Transwell migration assay was examined by using QCM™ 24-Well Colorimetric Cell Migration Assay kit (Millipore, USA). Cell lines including Chang liver cells, PLC/PRF/5 hepatoma cells, and HepG2 hepatoma cells (5 × 10^4^ cells) were harvested and then transferred into the upper chamber of 24-well plate inserted with trans-well. The lower chamber was filled with culture medium containing fetal bovine serum. After incubation for 4 hours, cells in the upper chamber were carefully removed with a cotton swab. Cells that passed through the membrane to the lower chamber surface were fixed with 3.7% formaldehyde (in PBS) in for 20 minutes, then treated with 0.1% Triton X-100 (in PBS) for 1 minutes, and finally stained with 1:1000 DAPI (in PBS). Cells from each well were counted in 9 random high-power fields under a microscope (ZEISS Axiovert 200M, German). Each experiment was repeated in triplicate.

Transient knockdown of plectin in chang liver cells {#s0004-0006}
---------------------------------------------------

Transient knockdown was performed by using RNA interference techniques in Chang liver cells. Small interfering RNA (siRNA) duplex oligonucleotides specific for plectin transcripts (5′-GAG CUA AUG UGG CUG AAU G-3′; 5′-GCA CUG CGU AGG AAA UAC A-3′ 5′-CGG AAU ACU UCA CGG CAG A-3′; 5′-GUG CCA GAG GUU UGC GAA A-3′) was purchased from Dharmacon, Inc. (Lafayette, CO). Chang liver cells were grown on a 60 mm petri dish to 50% confluence. For introducing the siRNA into cells, the siRNA was diluted with serum free medium (1:100, v/v) and then gently mixed with pre-diluted (1:50, v/v) Lipofectamine 2000 (Invitrogen, USA). The mixture was left at room temperature for 15 minutes. Afterwards the mixture was added to the Petri dishes with gentle shaking. The transfected culture will be available for further assays after 48 hours since siRNA was added.

Reverse transcription-PCR {#s0004-0007}
-------------------------

The mRNA was isolated by TRIZOL isolation kit (Invitrogen, USA) according to manufactory\'s protocol. The amount of cellular mRNA was determined by measuring the light absorbance at 260 nm. The mRNA was reverse transcribed to cDNA with Super Script First-strand RT-PCR kit (Invitrogen, USA). The cDNA were amplified via PCR kit (Amplicon, USA) according to manufactory\'s protocol. The reaction mixtures (40 μl) contained 1μM of 5″ and 3′ primers. Primers for PCR are the following sequences. Plectin, forward: 5′-CACTGGCTACAAGGACCCCT-3′, reverse: 5′-AAACCTCTGGCACTCCTCGAC-3′; GAPDH (as internal control), forward: 5′-GAAGGTGAAGGTCGGAGTC-3′, reverse: 5′-GAAGATGGTGATGGGATTTC-3′.

Measurement of effect for sorafenib treatment on cell growth and viability {#s0004-0008}
--------------------------------------------------------------------------

Sorafenib were dissolved in dimethyl sulfoxide (DMSO) and stored at −20 °C. The working solution contains DMSO in a concentration below 10 μM to avoid background effect on cell growth. The mock Chang liver cells, plectin-knockdown Chang liver cells, PLC/PRF/5 hepatoma cells, and HepG2 hepatoma cells were seeded in 24-well plates in a density of 5 × 10^4^ cells per well and supplemented with various concentrations (0, 2, 4, 6, 8, 10 μM) of sorafenib for 72-hour incubation. The cultures were incubated with MTS reagent according to the manufacturer\'s protocol then read the OD values at 490 nm by an ELISA reader. Cell viability was determined by dividing the average absorbance of each well with that of the control wells. Each experiment was repeated in triplicate.

Statistical analysis {#s0004-0009}
--------------------

Quantitative results were presented as mean ± standard deviation. The statistical analysis was performed by using 2-tailed unpaired *t* test (between 2 groups) or one-way analysis of variance (ANOVA) (among 3 groups) with the computer software SAS 9.2 (SAS Institute Inc., Cary, NC, USA). A *p* value smaller than 0.05 was considered as significance in statistics.
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[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/kcam](http://www.tandfonline.com/kcam).
